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Reactive oxygen species (ROS) are generated as a response to cellular stress and regulate processes
including cellular signaling and wound healing. In this issue of Developmental Cell, Xu and Chisholm
(2014) demonstrate that mitochondrial ROS are required for proper wound healing inCaenorhabditis elegans
through controlling the redox state of actin regulators.Stress switches organisms into an alerted
state that allows them to rapidly react to
environmental challenges, e.g., through
‘‘fight-or-flight’’ responses. Intriguingly,
the beneficial effects of transient stress
are not only evident on a behavioral level.
Several recent studies have suggested
that reactive oxygen species (ROS) act
as stress-induced second messengers
and paracrine cues that help to restore tis-
sue homeostasis after injury and infection
(Love et al., 2013; Niethammer et al.,
2009; Razzell et al., 2013; Rieger and Sa-
gasti, 2011). ROS comprise a group of
oxygen containing small molecular oxi-
dants that are physiologically generated
at low levels as byproducts of mitochon-
drial metabolism and lipid oxidation. In
addition, organisms utilize plasma mem-
brane-localized NADPH oxidases to
inducibly generate high levels of compart-
mentalized ROS to kill pathogens, and
reversible cysteine oxidation of proteins
by ROS is thought to regulate various
cell signaling events. Noncompartmental-
ized, excessive ROS generation occurs
during catastrophic loss of cellular func-
tions, e.g., cell death. Regardless of pro-
duction route, increases in ROS indicate
serious perturbations of tissue homeosta-
sis that require the organism’s attention.
In this issue of Developmental Cell, Xu
andChisholm (2014) report that epidermal
injury triggers mitochondrial Ca2+ influx
and reactive oxygen species (mtROS)
production, which enhances wound
closure and survival of the nematodeCae-
norhabditis elegans.
While genetic and pharmacologic inter-
ference experiments have provided con-
siderable phenotypic evidence for benefi-
cial functions of ROS in animals, in many
cases the identity of specific pathways
and proteins subject to direct oxidative
regulation by ROS are unclear. In addi-tion, the mechanisms that allow these
promiscuously reactive chemicals to fun-
ction as pathway-specific signals are
poorly understood. Owing to these knowl-
edge gaps, the ROS signaling paradigm
probably cannot (yet) be considered as
mature as other posttranslational mecha-
nisms, e.g., phosphorylation or ubiquiti-
nylation. Xu and Chisholm now show
that through regulation of Rho GTPase,
mtROS induce actin polymerization and
wound closure, suggesting that mito-
chondria, besides being cellular power
plants, act as sensors and mediators of
tissue homeostasis (Galluzzi et al., 2012).
Xu and Chisholm found that epidermal
wounding induces a transient burst of
mtROS production and demonstrate that
altering the levels of mtROS from this
burst affect wound healing. They show
that treatment with oxidant inducers
such as antimycin A, rotenone, or para-
quat enhance epidermal closure, as deter-
mined by measuring actin ring diameter
around the wound, whereas antioxidants
have the opposite effect. They provide
further genetic evidence in support of
this point using mutants deficient in mito-
chondrial superoxide dismutase and elec-
tron transport chain function. Wounding in
C. elegans is known to stimulate Ca2+-
dependent signaling required for injury
closure (Xu and Chisholm, 2011), and the
authors now demonstrate that mtROS
production lies downstream of this signal.
Xu and Chisholm use a circular permu-
tated yellow fluorescent protein (cpYFP)
to visualize mtROS by live imaging. Previ-
ous work has shown that cpYFP senses
environmental changes within the mito-
chondrial matrix, including superoxide
production and pH. The authors observe
increased mitochondrial cpYFP flashing
activity after epidermal wounding that is
further stimulated by the mtROS inducerDevelopmental Cellparaquat but is suppressed by the
mitochondrial-targeted antioxidant mito-
Tempo, suggesting that cpYFP flashing
is reporting mtROS production in their
model.
Ca2+-induced ROS production by
plasmamembrane NADPH oxidases after
tissue injury has been described in a va-
riety of species, including fly, zebrafish,
and mammals. However, Ca2+-induced
ROS production by mitochondria con-
stitutes a novel mechanism in the context
of wound signaling. The authors reason
that Ca2+ induces mtROS through open-
ing of the mitochondrial permeability tran-
sition pore (mtPTP), because wound
closure can be inhibited by the mtPTP
antagonist cyclosporine A. The molecular
composition of the mtPTP is unknown,
which currently precludes more specific
molecular perturbation by genetic
methods. The mtPTP is thought to form
on the inner mitochondrial membrane as
a consequence of matrix Ca2+ overload,
ROS, or loss of mitochondrial inner
membrane potential (Dcm). Conversely,
mtROS and Dcm loss can also be a
consequence of mtPTP formation. mtPTP
formation has been linked to different
forms of cell death in mammals. How the
mtPTP promotes mtROS production is
not fully understood. It will be interesting
to test whether PTP opening during the
C. elegans wound response presents a
transient signaling event or a point of no
return that renders the affectedmitochon-
dria permanently nonfunctional.
The authors then investigate the link be-
tween the ROS-dependent wound healing
phenotype and RHO-1, a small GTPase
that regulates actin assembly and anta-
gonizes wound closure in C. elegans (Xu
and Chisholm, 2011). Interestingly, small
GTPases have been known for some time
as potential targets of redox regulation31, October 13, 2014 ª2014 Elsevier Inc. 5
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Previews(Mitchell et al., 2013), and another recent
study has implicated mtROS in regulation
of Rho signaling during dorsal closure in
Drosophila (Muliyil and Narasimha, 2014),
i.e., a developmental process with me-
chanistic similarities to epithelial wound
closure. Xu and Chisholm now provide ev-
idence that RHO-1 is directly inhibited
by mtROS-mediated cysteine oxidation
in vivo. Specifically, the authors demon-
strate that mutation of cysteine 16, which
has been implicated previously in redox
regulation of Rho, prevents mtROS-
dependent inactivation of RHO-1. This
has an overall effect of antagonizing actin
polymerization around the wound margin
following injury, resulting in delayedwound
closure. Importantly, thismutation also ab-
rogates accelerated wound closure
following treatment with the mtROS in-
ducer paraquat, suggesting that mtROS
mediate wound closure through inactiva-
tion of RHO-1 via redox regulation of cys-
teine 16.
Why have worms and higher animals
evolved different ways to generate ROS
signals after injury? As the authors point
out, this difference could be related to
the fact thatwormsdonot have leukocytes
and that wound signaling by plasmamem-
brane NADPH oxidases evolved to allow
paracrine immune signaling by ROS, e.g.,
to support leukocyte recruitment (Niet-
hammer et al., 2009). Notably, not only
the absence of professional immune cells,
but also the absence of epithelial multicel-6 Developmental Cell 31, October 13, 2014 ªlularity (i.e., the wormepidermis is a syncy-
tium) distinguishes the epidermal wound
response inC. elegans from other animals.
Is it possible that cellularity alters signaling
upstream of ROS production in epider-
mal sheets? Interestingly, injury-induced
Ca2+ waves in multicellular epithelial
sheets are highly transient, dissipating
within seconds to minutes. By contrast,
wound-induced Ca2+ signals in worm
epidermis are sustained for approximately
1 hr (Xu and Chisholm, 2011). Whether
mtPTP versus NADPH oxidase activation
depends on the spatiotemporal character-
istics of epidermal Ca2+ signals remains to
be investigated.
A timely insight from the current work is
the notion that mitochondria act as sen-
sors and mediators of tissue homeostasis
(Galluzzi et al., 2012). Along similar lines,
recent work by Haynes and colleagues
in the samemodel organism has identified
a mechanism that allows induction of im-
mune defense genes through relieving
mitochondrial sequestration and degra-
dation of the transcription factor ATFS-1
in response to loss of Dcm (Pellegrino
et al., 2014). Indeed, antimicrobial peptide
expression presents another important
branch of the C. elegans epidermal
injury response, which so far has not
been related to Ca2+ and mitochondrial
signaling. It will be intriguing to
explore whether and how mitochondria
act as integrators of injury and immune
signaling.2014 Elsevier Inc.The findings by Xu and Chisholm will
stimulate further interest in the regulatory
roles of mitochondria andmtROS produc-
tion during injury and immune responses
of higher animals. By identifying a direct,
physiological target of ROS-mediated
wound signaling, this study also raises
the bar for future mechanistic investiga-
tions into ROS signaling.REFERENCES
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